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In situ sediment remediation through waterjet-activated carbon amendment 
delivery is an innovative means to mitigate the dangers posed by hydrophobic organic 
compounds.  Ease of use and applicability to inundated environments makes this 
technique valuable.  This work made feasible low-pressure injections of a 15% (by dry 
weight) carbon/water slurry through a pulsating piston pump waterjet.  The project 
fabricated nozzle tips and a unique injection apparatus comprising a quantitative system 
for the evaluation of bench scale models.   Based on a series of iterative processes, 
injections of carbon were analyzed for depth and concentration.  Injections varied in 
duration and they were made into a white kaolinite surrogate sediment.  The carbon 
concentration throughout the target area was analyzed using a spectroradiometer that 
plotted wavelength against the reflectance of each sample.  To confirm the impact of 
carbon placement, soil contaminated with polyaromatic hydrocarbons (PAHs) was used 
during testing to quantify the reduction in the bioavailable portion of the contaminant.  
The performance of carbon liquid injections into the sediment was evaluated using solid 
phase microextraction fibers and high-performance liquid chromatography.  Testing 
showed that, when used in a kaolinite sediment the customized waterjet is capable of 
delivering a carbon/water slurry at depths up to 30 cm with a uniform concentration 
averaging 3.0%.  Further testing in the contaminated sediment showed reductions of over 
90% in the bioavailable portion of PAHs at depths of 30 cm or greater.  The unique 
features of waterjets and their proven performance make them a viable remedial 
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Manufactured products containing harmful contaminants have been discarded into 
the environment for more than a century, often with little regard for their potentially 
harmful and deadly consequences.  Hazardous contaminants are typically present in every 
part of the surface and subsurface environment.  For years, the distribution of 
contaminants went unnoticed until misuse and improper handling began to compromise 
the health of those exposed to these substances.  Contaminants have undoubtedly created 
a major environmental problem that affects many water bodies and sediments throughout 
the United States.  Before the 1970’s efforts to control these potentially life threatening 
contaminants were minimal but growing concern has since prompted remedial efforts to 
mitigate the health and ecological impacts of these contaminants. 
The term contaminated sediments has many alternative definitions governed by 
location and type of contaminant.  The United States Environmental Protection Agency 
(EPA) (1993) defines sediments as a mixture of assorted materials that settles to the 
bottom of a water body.  Sediments include the shells of mollusks and other animals, soil 
particles transported from the surface by erosion, organic matter from dead and rotting 
vegetation and animals, sewage, industrial waste, other organic and inorganic materials, 
and chemicals.  Many different types of contaminants can be present in the underlying 
sediment to constitute the specimen as being recognized as contaminated.  The EPA 
(1993) states that typical contaminants include polycyclic aromatic hydrocarbons 
(PAHs), pesticides, chlorinated hydrocarbons, metal, polychlorinated biphenyls (PCBs), 
and nutrients such as municipal and industrial effluents and sources that are more 
difficult to pinpoint such as agricultural runoff, soil entrainment, airborne particles, spills,  
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contaminated groundwater infiltration, and intentional aquatic dumping.  The most 
prevalent contaminants are PAHs and PCBs.  Xu et al. (2010) note that PAHs have 
typically been introduced into the environment through incomplete combustion of fossil 
fuels and biomass fuels, whereas PCBs have been introduced into the environment 
through the use of transformers, coolants, and electrical conduits.  
PCBs and PAHs are hydrophobic organic compounds found throughout U.S. 
rivers and water bodies; they pose a great threat to human health.   Juan et al. (2002) 
found that PCBs have the potential to cause teratogenic, carcinogenic, hormonal, and 
immunological effects in humans.  The health effects of PAHs are similar to those caused 
by PCBs and multiple forms of cancer have been linked to prolonged exposure to PAHs. 
Broad distribution of these contaminants is the result of years of heavy industrial 
operation and ignorance of the harm they cause.  Producers and users handled these 
substances with ease and discarded them in bodies of water without concern for the 
consequences.  These contaminants bond strongly to sediments without settlement.  
Years later, the top layers of sediment were heavily polluted, with deadly consequences 
for a variety of life forms.  Commonly, when a contaminant is present in subaqueous 
conditions the sediment contains a higher concentration of contaminants than the 
overlying water.  Contaminants are typically hydrophobic; they settle into the sediment 
which either traps them or allows them to leak slowly into the groundwater.  The top 
layer of contaminated sediment is home to many different life forms, most notably 
benthic organisms.  A study by Helm et al. (2008) revealed that invertebrates living in 
sediments contaminated with PCBs contain higher concentrations of PCBs.  As a result, 
PCBs show up in forage and predatory fish.  Helm at al. (2008) found that PCB 
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concentrations were higher in benthic dwelling Diporeia and slimy sculpin 
concentrations than in other invertebrates or forage fish, respectively.  Because of 
biomagnifications, humans are at risk of being infected with PCBs by eating the fish that 
are tainted with these deadly contaminants.    
TECHNIQUES FOR REMEDIATION OF CONTAMINATED SEDIMENT 
A variety of procedures exist for the remediation of contaminated sediments.  
Sanchez et al. (2002) identify four categories of sediment remediation: interim control, in 
situ management, sediment removal and transportation, and ex situ management. Most of 
these techniques cause residual contaminant suspension, raise construction costs, destroy 
benthic communities, or alter navigation routes.  No foolproof system exists to remove 
contaminants without negative effects.  Regardless of the remedial technique selected the 
bioavailability and resuspension of the contaminant must be minimized.  Selection of the 
most practical and economical remedial technique must depend on a site evaluation and 
on the concentration of contaminants.     
Interm control remediation limits human interaction with a contaminated site by 
displaying warning signs and erecting fences and barricades.  The main approach to this 
tactic is to keep humans from coming into physical contact with the harmful substances 
contained at these sights.  
The EPA (1993) notes that in situ remediation includes biological treatment, 
solidification, stabilization, chemical treatment, and subaqueous capping.  Biological 
remediation is efficient and inexpensive.  It uses micro-organisms to mitigate the effects 
of hazardous organic materials by metabolizing them into less complex and harmful 
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compounds. This treatment is used to remediate contaminants such as pesticides, fuels, 
PCBs, aromatics, and non halogenated organics.   
The EPA (1993) defines in-situ solidification and stabilization as treatments that 
immobilize sediment and contaminants by treating them with reagents to solidify or 
amend them.  This process neutralizes and bonds the contaminants together to reduce 
their mobility.  Wilson and Jones (1992) define stabilization as the reduction of the 
concentration of contaminants to their least soluble, mobile, and toxic form.  The purpose 
of this procedure is to suppress or reduce the toxicity of the contaminant.  In situ 
solidification is the process of turning waste into a solid block that is structurally stable 
over long periods.  Wilson and Jones (1992) note that solidification does not necessarily 
involve chemical interaction between the waste and the solidifying reagents, but may 
mechanically bind the waste into a monolithic piece.  The EPA (1993) points to several 
problems with solidification and stabilization such as inaccuracies in reagent placement, 
erosion, long-term monitoring requirements, ineffectiveness and difficulty in adjusting 
solidification mixtures or agents for subaqueous settings.  
 An attractive alternative to in situ chemical treatment is the use of chemical 
oxidation.  The EPA (1998) defines in-situ chemical oxidation as the delivery of chemical 
oxidants to contaminated media to destroy the contaminants by converting them to 
innocuous compounds commonly found in nature.  Russo et al. (2009) have studied this 
technique extensively and found that chemical oxidation is effective for removing PAHs 
from polluted environments.   Field tests performed by the EPA (1993) have proved that 
in situ chemical oxidation is a viable remediation technology for mass reduction of 
contamination in source areas and for groundwater plume treatment.  However, EPA 
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(1993) has also noted some potential limitations of the process.  For example, it requires 
the handling of large quantities of hazardous oxidizing chemicals to meet the oxidant 
demand of the target organic chemicals and the unproductive oxidant consumption of the 
formation.  Finally, many contaminants, including PCBs and chlorinated pesticides are 
resistant to oxidation which makes this technique an inadequate tool for mitigating the 
effects of certain hydrophobic organic compounds. 
Subaqueous capping is a widely used in-situ remedial technique.  Mohan et al. 
(2000) have characterized it as an attractive, non-intrusive, and cost-effective method of 
stabilizing contaminated sediment.  They note that the successful design of an underwater 
cap requires the proper application of hydraulic, chemical, and geotechnical engineering 
properties.   Olsta (2010) claims that capping offers potential cost savings over dredging 
and can be completed in less time. Wang et al. (1991) have monitored capped disposal 
sites and has shown that capping is technically feasible and stable under normal tidal and 
wave conditions.  They have also noted that the addition of carbon to the capping 
material can retard chemical emergence through the media.  Capping has a wide range of 
applications, and it can be effective in remediating contaminated sediments; however, 
caps are difficult to place accurately, they require a great deal of monitoring, and many 
factors within a marine environment can affect cap longevity. 
Sediment removal and transportation involve the removal of material using 
dredging or earth moving equipment.  Ex situ remediation involves placing contaminated 
material in a monitored landfill or confined disposal facility.  The EPA (1993) notes that 
the success of dredging depends on the nature of the sediment, the types of contaminants, 
the depth to bottom, the thickness and volume of sediment, the distance between clean-up 
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sites, and the machinery available.  And dredging has drawbacks.  In particular it can 
contaminate uncontaminated areas by re-suspension of the toxins.  Sanchez et al. (2002) 
have conducted many studies of the effect of dredging, and they offer five conclusions: 1) 
Environmental dredging has not reduced surface sediment concentrations to acceptable 
levels. 2) Dredging has not been shown to lead to quantifiable reductions in fish 
contaminant levels. 3) Dredging projects are costly and time consuming. 4) Dredging 
resuspends and releases contaminants into the water column.  5) Finally, dredging 
technology and experience in large rivers is limited.  
Clearly, each technique has its own advantages and disadvantages, and no method 
is perfect.  This paper describes a new and innovative technique to mitigate sediment 
contamination using waterjets to deliver activated carbon (AC) in inundated sediment, 











2. ACTIVATED CARBON AS A REMEDIAL AMENDMENT 
A variety of remedial amendments are available for the remediation of 
contaminated sediments.  Organic capping materials, coke, zero-valent iron and activated 
carbon (AC) are among the most popular.  Extensive research has proved that AC is 
among the most efficient at reducing the bioavailability of contaminated sediments.  It 
works by reducing pore water concentration and the biological uptake of contaminants.  
ACs have been developed from a wide variety of materials including coal, wood, peat, 
and coconut shells.  Huang et al. (2002) state that the raw material from which AC is 
made determines the product’s surface characteristics, including surface function groups, 
surface area, porosity, and pore size distribution.  AC is a unique and versatile adsorbent 
used in many environmental remediation projects. Bansal and Gayal (2005) attribute the 
adsorbent properties of ACs to their large surface area, universal adsorption effect, high 
adsorption capacity, high degree of surface reactivity, and favorable pore size, which 
makes the internal surface accessible and enhances the adsorption rate.  AC is 
manufactured and distributed in various particle sizes.  The larger particles are known as 
granular activated carbon (GAC) and the smaller particles are known as powdered 
activated carbon (PAC).  GAC has a large internal surface area and small pores (Bansal 
and Gayal, 2005).  In contrast, PAC has larger pores and a smaller internal surface area.  
The larger exterior pores of PAC enable it to adsorb more contaminants.  PAC was used 
throughout the duration of the present research because its pore structure provides a 
wider range of contaminant removal capabilities and works well in wet or dry injection 
systems. PAC is also faster for less mass-transfer limitations and easier for benthic 
organisms to digest.  It is useful in the remediation of contaminants in soils and sediments 
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because the adsorption attraction of the carbon is much higher than that of the underlying 
media, providing a higher contaminant biological uptake.   Zimmermann et al. (2005) and 
Cho et al. (2007) has shown that small concentrations of AC applied to contaminated 
sediments through a variety of techniques reduce bioavailability by as much as 90% and 
greater in the bioavailable portion of the contaminant.    
EFFECTIVE ACTIVATED CARBON CONCENTRATIONS 
 The concentration, particle size, and sediment-to-carbon contact time of AC can 
have a significant impact on the bioavailability of particular contaminants in the 
sediment.  Zimmermann et al. (2005) found that the concentration of dry AC in the 
sediment dramatically affected the aqueous equilibrium concentrations of PAHs and 
PCBs.  They found that the addition of 3.4% dry weight carbon reduced the aqueous 
concentration of PCBs by 87%, whereas the same AC percentage reduced the aqueous 
concentrations of PAHs by 81%.  Cho et al. (2009) concluded that increasing the AC 
dose and reducing the AC particle-size improves AC sediment contact and overall 
effectiveness.  A study performed by Sun and Ghosh (2007) determined that the 
reduction in total PCB biouptake was 70% for 75-300 µm carbon and 92% for the 45-180 
µm carbon.  Many researchers have studied the ability of effectiveness of AC over time.  
Werner et al. (2005) for example, found that one month after the addition of AC the 
aqueous PCB concentrations had dropped by more than 95% and they had decreased by 
over 98% after 6 months.  Clearly, many factors affect the ability of AC to adsorb 
contaminants.  Extensive research has shown, however, that AC is an excellent 
alternative for situ sediment remediation because of its ability to mitigate the impact of 
hydrophobic organic compounds.   
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3. OBJECTIVES AND GOALS 
The objective of this research was to show that waterjets are a feasible alternative 
to modern remedial techniques and to develop an injection system that can properly 
distribute an amendment slurry at targeted depths and concentrations in an inundated 
environment. Characterization of needed waterjet parameters were determined through a 
series of bench scale tests to evaluate the systematic changes needed in order to provide a 
framework for future studies.  This approach will provide data for further work. 
This research sought to deliver an AC amendment slurry in an inundated 
environment to specific target depths intervals while maintaining a desired carbon 
concentration of 3% or greater by adjusting operating pressure, nozzle diameter, shot 
duration, slurry concentration, injection distance, and incremental spacing.  The 
amendment was distributed under pilot scale conditions to determine the parameters 
necessary for precision injections into contaminated sediments to measure the reduction 
in the bioavailable portion of PAHs.   The parameters were determined individually and 
studied as a functional unit to ensure penetration of an inundated sediment to a depth of 
30 cm and achieve a dry AC concentration of at least 3% by weight throughout the 







4. WATERJET DESIGN 
Risley et al. (2011) determined that a standard power washer can function 
efficiently as a waterjet to inject remedial amendments.  They focused on injecting zero-
valent iron and PAC.  Their system consisted of a customized fabricated nozzle attached 
to a pneumatic sand blaster filled with remedial amendments.  The amendments were 
mixed with air in the waterjet’s water stream located inside the nozzle and ejected from a 
customized nozzle hole in the tip of the waterjet lance.  Risley’s group concluded that 
apparatus works well for an iron amendment but not for a PAC amendment because the 
latter is not dense enough to be adequately distributed into the waterjet stream in useful 
concentrations.  Thus they proposed a different methodology.  This new methodology led 
into the present research for the development of a series of devices that were created to 
force a high concentration of carbon through the internal parts of a standard power 
washer waterjet.  This system worked well for short duration shots.  A continuous looped 
apparatus determined whether the PAC was abrasive enough to affect the structural and 
mechanical integrity of the pump seals and working parts.  The power washer pump 
failed after about 10 minutes of continuous carbon slurry circulation through the pump.  
Disassembly of the pump revealed the small orifices inside the pump housing were 
completely packed with carbon, restricting the flow of water and causing complete 
failure.  Repeated pump failure demonstrated that powerwashers are not suitable for 
delivering a high concentration of carbon slurry.  Nonetheless, this work provided 
important data that informed later work on waterjets.   
One of the most significant problems encountered in the use of waterjets is the 
duration of injection.  The present research, like that of Risley et al. (2011) demonstrated 
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that after a short period of time, the high flow rate and pressure of the waterjet began to 
liquefy and excavate the surrogate sediment.  To correct this problem, a series of short 
duration injections were tested.  Weight density calculations suggested that single 
injections of less than 10 seconds could theoretically deliver enough carbon to meet the 
goal of at least a 3% carbon concentration at depths of 30 cm.  This discovery prompted a 
search for a pump that could effectively inject a high viscosity slurry.  Eventually an 
airless paint sprayer was selected for its ability to handle high viscous liquids. 
DETERMINATION OF CARBON CONCENTRATIONS IN WATERJET 
As noted above, both Cho et al. (2007) and Zimmerman et al. (2004) studied the 
effects of differing activated carbon concentrations within contaminated sediment.  To 
simulate the type of experiments these researchers performed a surrogate test bed made 
of kaolinite was used as an injection bed for the waterjet delivery system to test and 
determine the depth of penetration and quantification of the carbon amendment.  Due to 
the extreme difference in densities of the two materials a large amount of activated 
carbon was needed to achieve a 3% dry weight concentration within the surrogate 
sediment.  The research described here determined how much carbon could actually be 
delivered in an aqueous slurry.  A carbon concentration of 10% was prepared initially, 
and additional mixtures increased the carbon concentration in increments of 10% until the 
water/carbon mixture could no longer flow as a uniform liquid.  This occurred at a 
water/carbon concentration of 40% by weight; at this level the carbon/water mixture 
acted as a semi-solid.  The 30% concentration retained its ability to flow, but it had the 
consistency of a heavy, high solid sludge with very high viscosity.  The mixture could not 
have flowed adequately in the proposed injection system.  The 20% mixture flowed much 
12 
 
like a viscous solution; it retained low viscosity and appeared to be a useable 
concentration.  This concentration became the departure point for the slurry developed 
for use in the waterjet delivery system and it was tested in that system for performance 
and efficiency.  The piston pump of the waterjet delivered the carbon slurry with ease at 
times, but the packing nature of the carbon sporadically clogged the internal injection 
orifices, causing complete pump failure.  When the slurry flow stopped; the momentum 
of the particles likely caused collisions among them so that they formed a sponge-like 
plug that sealed mechanical components of the pump and created blockage.  Injection 
duration and pressure may also have been factors in pump failure because over time the 
carbon adhered to the tiny orifices within the pump, eventually sealing them completely.   
Carbon is highly hydrophobic and very difficult to keep in suspension.  Each solution 
was thoroughly and uniformly mixed prior to each injection and continuously agitated 
while in the slurry reservoir. When the waterjet’s pump was able to transport the 20% 
mixture, the tiny orifices of the waterjet nozzle clogged almost instantaneously.  Various 
surfactants were incorporated in the slurry in effort to inhibit particle-to-particle 
interaction.  Ivory soap in various volumes indeed lengthened suspension time, but no 
further testing was performed with the waterjet.  Instead, the problem was corrected by 
decreasing the carbon concentration to 15% by weight.  This solution performed 
efficiently, flowing easily through the pump and its orifices.  It retained a high carbon 
content, and further testing demonstrated that it is adequate for delivering carbon to the 
targeted depth.  Various injection distances were also evaluated to see how they affected 
the carbon concentration.  The distance from nozzle to sediment ranged from 1.3 to 15 
cm, and the smallest possible distance proved most effective.  The presence of additional 
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water between the nozzle and the top of the sediment acted as a restrictive barrier and 
permitted dispersion of the carbon slurry into the surrounding subaqueous environment. 
INJECTION METHODOLOGY 
Injection of the AC slurry involved multiple steps.  An airless paint sprayer can be 
powered by either 120 volts of alternating electrical current of electricity or a gasoline 
powered engine.  This work used an electric paint sprayer.  The carbon/water slurry was 
created by mixing 15% by weight dry AC with tap water in a standard 5-gallon bucket.  
The slurry was mixed with a 17.8-cm paint stirrer powered by an 18-v cordless drill until 
the solution was uniformly homogenized.  The solution was then placed beneath the 
pump, and the suction feed line was inserted into the slurry.  To keep the carbon in 
suspension, the solution was periodically agitated.  An independent electric foot pedal 
switch controlled the pumps operational power.  When the pedal was depressed and the 
power knob set to the prime position the pump began to take in slurry.  This sequence 
took 30 seconds to 60 seconds.  When the pump was fully primed, the pump priming 
lever was turned off and the power knob was adjusted to full.  The waterjet was then 
operated manually for a short period of time to ensure that all mechanical parts were 
functioning correctly.  The waterjet lance was placed through the vertical column on the 
XY grid and positioned 1.3 cm from the top of the surrogate sediment.  An injection was 
made by aligning the XY grid to the injection site.  The footswitch was depressed down, 
and the pump pressure built up to 2700-3000 psi.  With the footswitch depressed, the 
trigger on the waterjet lance was squeezed.  The power slowly dissipated to 2500 psi, and 
a sudden burst of slurry was injected into the sediment.  Over a period of 2.5 s the 
pressure dissipated to a constant pressure of 550-700 psi.  In one series of test, AC slurry 
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was then injected for 5 s, and in another for 7 s, after which the foot pedal was 
disengaged, and the pressure dropped.  Immediately after the power was shut off, the 
waterjet trigger was released.  This process was repeated for 54 injections over an 8-in by 
6 in rectangular grid. 
CARBON CONCENTRATION QUANTIFICATION 
A FieldSpec Pro radial spectroradiometer was used to quantify the concentration 
of carbon injected into the surrogate sediment, which was homogenized into an average 
concentration per layer.  The FieldSpec was erected by experienced personnel according 
to the owner’s manual.  The distance from the sample to the fiber optic bundle was 3.2-
cm, with the gun projecting toward the sample at an angle of 10 degrees downward from 
the horizontal.   
The unit collects light through a bundle of fiber optic cables.  This light is 
transmitted through the cables and into the machine where it is projected from the fiber 
optics onto a holographic diffraction grating.  The wavelength components generated 
from the light are separated and reflected for independent measurement by the internal 
detectors.  Analytical Devices Inc. states that these internal detectors convert incident 
photons into electrons that are stored or integrated until values are generated. At that 
point the photoelectric current for each detector is converted to a voltage and digitized by 
a 16-bit analog-to-digital converter.  These data are transferred to the computer’s memory 
for analysis by appropriate software.   
The computer analysis program RS3 was used here to measure the carbon 
concentrations in the clay/carbon samples.  A white background provided a reference for 
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the identification and comparison of darker samples.  This reference converts the 
measuring parameters into reflectance versus wavelength.  Concentration standards were 
developed manually with known ratios of dry carbon to clay.  These ratios were used to 
develop an identification curve to determine the carbon content from the samples 
retrieved in field research. The spectroradiometer works well with low carbon 
concentrations but as the concentration increases, the sample becomes darker and  
reflects less light, and these darker concentrations are more difficult to identify.  
Nonetheless this equipment is a fast and reliable method to analyze the carbon content in 
a sediment sample.  
ANALYSIS OF PAHS IN CONTAMINATED SEDIMENT 
A sandy-clay soil contaminated with PAHs from a former manufactured gas plant 
in Centralia Illinois was used in this research to determine the effectiveness of  waterjet 
injection of amendment slurry as a means to reduce the bioavailability of the 
contaminants.  Coal tars containing PAHs were produced at the gas plant in the late 
1800s and casually discarded into the surrounding environment.  A century later, the 
contaminated soil is receiving remedial treatments through mechanical excavation and 
transfer of contaminants to designated hazardous waste landfills.  Some of this 
contaminated soil removed was brought to Missouri S&T where it was mechanically 
mixed and hydrated to create a uniform mixture.  Using the same sequential methodology 
used for testing in the surrogate sediment, the soil was injected repeatedly for 7.5 and 9.5 
s periods.  Solid-phase microextraction (SMPE) fibers and high-performance liquid 
chromatography were used to determine PAH levels in pore water by comparing the 
concentrations from a control column to those of amended columns. 
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The particle structure of contaminated sediments dramatically affects the 
bioavailability of PAHs.  Research performed by Talley et al. (2002) concluded that 
PAHs incorporated into coal-derived particles released much slower into the environment 
and were strongly adsorbed to the coal particles.  Their research also characterized 
clay/silt/sand sediment with PAHs and found that the contaminant was released into the 
environment much faster than the coal-derived particles.  Similar research performed by 
Ghosh et al. (2002) characterized contaminated sediment and discovered that 62% of the 
PAHs in it were in the coal and wood materials, which constituted  only 5% of the 
sediment weight.  The dramatic difference in PAH concentrations within a given 
sediment complicates the prediction of toxicity.  Hawthorne et al. (2007) found that the 
toxicity of PAHs in Hyalella aztca was much lower than predicted by equilibrium 
partitioning, but approximately equal to that predicted by measuring PAH power water 
concentrations.  Jonker et al. (2007) studied the bioavailable portion of PAHs using 
various prediction methods.  They used SPME to predict bioaccumulation in earthworms, 
and the results were typically within a factor of 10 of the measured results.  Based on 
current risk assessment models, they overestimated bioaccumulation by 10-1000 times.  
Yang et al. (1997) also studied the use of SPME fibers for the extraction of aqueous PCB 
concentrations.  They found SPME analysis to be more accurate than other methods such 
as liquid-liquid extraction and solid-phase extraction.  They also noted that SPME 
eliminates the need for organic solvents required for liquid-liquid extraction and does not 
cause the breakthrough, plugging, or channeling that are often encountered during solid-
phase extraction.  SPME fiber analysis can directly determine the concentrations of 
dissolved PAH in sediment pore water samples, and it does so more efficiently and 
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effectively than other prediction techniques.  The present study confirmed the results of 
the previous studies, indicating that measurement of SPME fibers is a more accurate 
means to determine the bioavailable portion of PAHs and the level of toxicity. 
The series of injections performed here were analyzed in situ through SPME 
fibers.  Polydimethylsiloxane (PDMS) coated SPME fibers manufactured by (Polymicro 
Technologies) were added to the injections to the PVC columns.  The fibers had a 30-µm 
PDMS coating on a 1.0-mm fused silicia core.  The SPME fibers were inserted into 
perforated SPME samplers, so that they would come to equilibrium with the surrounding 
pore water with minimal direct fiber-to-sediment contact.  The SPME fiber holders were 
fabricated of 40.6 cm stainless steel tubing perforated equally on four sides to strict 
tolerances with a high-pressure precision waterjet.  The stainless steel tubing contained 
Teflon centers and cone shaped end pieces for easy penetration into the soil.  Seven days 
were required for the SPME fibers to equilibrate after injection.  The samples were then 
analyzed using high-pressure liquid chromatography (HPLC). 
HPLC ANALYSIS 
Typically, the concentration of 10 mother PAHs within the pore water of a 
sediment are analyzed; however, this research examined only eight PAHs due to the 
similarity of their concentrations and properties and to the calibration standards applied. 
Of these eight PAHs, benzo-(a)-anthracene, pyrene, and phenanthrene displayed the most 
consistent and best defined values. Phenanthrene proved the best candidate for the 
prediction and evaluation of bioavailability because its peaks were most prominent and 
its data most representative. 
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The HPLC analysis began with the removal of the entire length of SPME from the 
stainless steel holder.  It was cut into 2 cm sections, which were placed in 1-ml shell vials 
filled with 0.5 ml of acetonitrile (ACN).  The samples were then evaluated using a HPLC 
device.  This device used a Supelco LC- PAH column length coupled with fluorescence 
detection.  Peak areas calculated during analysis were translated into PAH concentrations 
using calibration curves developed from various concentrations of a known standard 
obtained from Sigma-Aldrich mixed with ACN.  The ACN concentrations were 
converted to PAH concentrations in the PDMS coating based on the assumption that the 
ACN extracted all the available PAHs.  The pore water concentrations were finally 













5. RECOMMENDATIONS FOR FUTURE WORK 
The data obtained from this research support several recommendations for future 
waterjet study.  An initial goal was to deliver the maximum amount of carbon that could 
be feasibly passed through the waterjet’s pump in order to achieve the targeted 
percentage of carbon in the dense clay surrogate sediment.  Testing showed that high 
concentrations of carbon were adequately delivered to the inundated sediment.  The data 
suggest that the concentration of carbon in the slurry can be lowered.  The addition of 
extra carbon is not beneficial and the additional amendment involved increases cost.  
Dilution of the slurry would permit the use of smaller nozzle orifices, thus creating higher 
pressures in the waterjet lance. A slightly higher pressure with shorter injection pulses 
may increase concentrations at greater depths and drive the amendment deeper.  Shorter 
injection pulses may also be faster and more efficient in the field.  The use of two 
completely different inundated materials has shown that the geotechnical characteristics 
of a soil have a significant impact on the carbon concentration distribution and 
penetration depth.  An in-depth geotechnical investigation may be appropriate prior to 
each injection to adjust the operational parameters of the waterjet and thus to maximize 
the delivery potential.  These recommendations should provide a solid framework for 
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Purpose In situ contaminated sediment remediation through the addition of activated 
carbon has been proven to be an effective remediation technique.  An amendment 
delivery system was developed to accurately place and inject a powdered activated 
carbon slurry.  The system was set up to deliver a series of discrete injections over a 
rectangular grid with the objective to deliver 3 % carbon by dry weight to an inundated 
saturated sediment at a maximum sediment depth of 30 cm.   
Materials and methods In situ conditions have been researched and small bench-scale 
models have been developed to provide valuable data for future field-scale models.  
Experiments were performed using kaolinite as a surrogate sediment because the color 
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contrast between the clay and the carbon permitted the delivered carbon concentration to 
be quantified using a spectroradiometer.  The experiments showed that a set of 
operational parameters for the injection system could be identified that provided 
relatively complete mixing of the carbon and clay at the desired depths.  The experiments 
were repeated using soil samples contaminated with poly-aromatic hydrocarbons (PAHs) 
and polydimethylsiloxane coated solid-phase microextraction fiber analyses to quantify 
pore water concentrations.   
Results and discussion Several different combinations of pressure, injection duration, and 
nozzle diameter were evaluated during the initial phase of the characterization of 
powdered activated carbon penetration in the surrogate sediment.  Iterative approach 
tactics were conducted that concluded specifically placed, short-duration injections were 
necessary to deliver meaningful amounts of carbon in the test sediment.  Analysis of 
these injections found that an average amended carbon concentration of 14% was 
achieved up to 26.7 cm deep in the surrogate sediment by a 9.5-s injection, whereas a 7.5-
s injection at the same depth yielded an average concentration of 9.3%.  The reduction in 
pore water PAHs concentrations through carbon injection was achieved in excess of 90% 
at all sampled locations within the injected perimeter. 
Conclusions Reduction in contaminant pore water concentrations within the soil appeared 
to be less dependent on the duration of the individual waterjet injections, and the 
effective depth of penetration appeared to be greater than that observed during the 
surrogate sediment experiments.  The empirical nature of the waterjet work and the 
expected heterogeneity of contaminated soils suggest that it is appropriate to conduct site-
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specific bench-scale treatability testing prior to full-scale remediation using waterjet-
delivered activated carbon.   
Keywords  Activated carbon • Bioavailability • Contaminated sediment • Remediation • 
Waterjet • Placement 
1 Introduction 
The remediation of contaminated sediment has been performed and studied since 
the 1970s, and technologies available include removal by dredging as well as in situ 
actions.  Typical in situ remediation techniques include capping and the reduction of 
bioavailability using an amendment. Olsta (2010) defines capping as the placement of a 
subaqueous cover over contaminated sediments to aid in the stabilization, the 
minimalization of re-suspension, and the reduction of dissolved contaminant transport 
into surface water.  Wang et al. (1991) performed research on the material make up of an 
engineered cap to adequately reduce the flux of contaminants through the porous media.  
His research found that caps containing high organic content restricted chemical 
emergence the most.  This concept not only pertains to capping but when organics are 
present within the soil or sediment they have a stronger capability of adsorbing the 
contaminant when compared to other matter found within the soil matrix.  Murphy et al. 
(2006) also studied the use of sorbent materials placed within an engineered cap to retard 
the flow of contaminants while reducing their bioavailability.  However, Olsta (2010) 
stated many concerns are present when in situ capping is implemented due to the 
potential for residual contamination, reduced navigation, bio-intrusion, and geotechnical 
stability.  The U.S. Environmental Protection Agency (EPA 1993) has stated no current 
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technique can remove, contain, or treat contaminated sediments without causing 
disturbances to the local sediment. 
 The use of activated carbon (AC) as means for remediation has been widely used 
throughout the United States for the in situ cleanup of contaminated sediments.  
Zimmerman et al. (2004) stated that the mixing of activated carbon within contaminated 
sediments reduces both the chemical and biological availability of hydrophobic organic 
contaminants and the uptake of these contaminants by benthic organisms.  That study 
showed that the total aqueous concentrations of polychlorinated biphenyls (PCBs) was 
reduced by 87% to 92% with the addition of 3.4% dry weight AC when placed into 
contaminated sediment excavated from Hunter’s Point Naval Shipyard in San Francisco 
Bay, California.  Sun and Ghosh (2007) performed similar studies and found that 2.6 % 
by weight AC mechanically mixed in contaminated sediment reduced PCB biouptake by 
70% to 92%.  The researchers also applied granular activated carbon (GAC) as a thin mat 
layer on top of contaminated sediment and allowed natural mixing to distribute the GAC 
into the sediment which resulted in bioaccumulation reductions up to 70%.  Cho et al. 
(2009) found that after 18 months of field exposure, AC reduced aqueous equilibrium 
PCB concentrations by about 90%.  Similarly, Millward et al. (2005) performed a 28-day 
sediment exposure test with AC and found that it reduced PCB bioaccumulation by 82% 
in polyacaete and after examining the organism 6-months later the bioaccumulation 
reduction was 87%.  Zimmermann et al. (2005) found that 0.34% by dry weight AC 
reduced PCB concentrations in sediment by 44%, 1.7% AC resulted in 84% reduction, 
and 3.4% AC resulted in 87% reduction.  The authors also found that sediment mixed 
with 1.7% dry carbon reduced the aqueous concentrations of poly-aromatic hydrocarbons 
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(PAHs) by 81% and that by adding additional carbon up to 3.4% to the mixture did not 
change the aqueous concentration of PAHs.   
 Typically AC is mixed mechanically into the contaminated sediment with a rotary 
device attached to a larger mechanical operator.  Cho et al. (2007) showed that the use of 
a construction grade rotovator was an effective way of amending AC to contaminated 
sediment and that this mechanical mixing device could place AC into the sediment to 
depths of approximately 30 cm.  Cho et al. (2009) in addition to the rotovator used a land 
based crawler slurry injector system to apply AC to contaminated surface sediments.  
This method worked well to effectively reduce aqueous equilibrium PCB concentrations.  
However, a major drawback associated with these techniques are that the AC to sediment 
mixing are only implemented at low tide or other times when the subject area has been 
dewatered. 
Complete mixing of the activated carbon and the contaminant is highly desirable, 
field testing has shown when the AC is applied at varying concentrations within the area 
of interest the reductions in bioavailability can be impacted as stated by Cho et al 
(2009).  Laboratory testing has also shown this phenomenon, as higher reductions in 
contaminant bioavailability have been displayed when more intense mixing capabilities 
are attained.  The ability to achieve complete AC and contaminant mixing 
and provide the highest possible carbon to contaminant contact ratio will produce the 
most significant reductions in contaminant bioavailability. This direct relationship 
between the AC/contaminant mixing and the reduction in contaminant bioavailability has 
provided the major motivation for this study. 
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 Cable et al. (2005) evaluated the potential use of waterjets to deliver liquid 
amendments to contaminated aquifers and sediments and the purpose of this paper is to 
evaluate the use of waterjets to deliver powdered activated carbon (PAC) to a saturated 
sediment that is inundated with a prescribed height water column at the time of injection.  
Summers (1995) stated that high pressure waterjets ranging from 1.0 x 105 to 1.0 x 106 
psi have been used for large-scale mining and excavation purposes for more than a 
century.  The more recent industrial applications of waterjets include cleaning and 
machining applications.  The cutting capabilities of a waterjet are increased for certain 
applications by the addition of a granular abrasive such as garnet or silica sand.  
Waterjets have the potential to be an effective remediation technology by substituting 
amendments (at greater concentrations) for the traditional abrasives and then using the 
waterjets to place the amendment in the contaminated media.  The work described in this 
paper evaluates the use of a series of individual waterjet injections to deliver 3 % by dry 
weight PAC to a depth of 30 cm in a sediment base.  The target concentration and depth 
was based on the results of the literature review.  The testing was performed using a clay 
surrogate sediment so that the delivered carbon percentage could be quantified, and 
confirmation testing was performed by quantifying reduction in bioavailability in a PAH-
contaminated sediment. 
2 Materials and methods 
2.1 Injection system 
 A waterjet system consists of several components including a pressure pump, 
nozzle, nozzle holder, and connecting hoses as shown in Fig. 1. Variable system 
26 
 
parameters include pump pressure, pump flowrate, nozzle diameter, and nozzle shape.  
Abrasive amendments are commonly used to increase the cutting efficiency of waterjet 
systems.  The abrasives may be added pneumatically to a mixing chamber located 
between the pressure pump and waterjet nozzle, or a pre-mixed abrasive slurry may be 
pumped through the pressure pump.  The waterjet systems that pump the pre-mixed 
slurry are typically less mechanically complex compared to the mixing chamber systems; 
however, slurry pumping may require more frequent pump maintenance due to the 
accelerated wear on the pump seals.  Powdered activated carbon is significantly softer 
compared to garnet and other abrasive materials used for waterjet cutting, so a slurry 
pumping system was selected for this investigation because of the potential advantages 
associated with a simpler waterjet system.  The pressure and flowrates required to deliver 
amendments to a saturated sediment are significantly lower than those required by a 
waterjet used to quarry stone.  Commercial waterjets operating at pressure ranges of 1.5 x 
103 to 5.0 x 102 psi and flowrates of 5.3 to 3.5 lpm were evaluated for this sediment 
project but were found to be ineffective because (1) the minimum operating pressure and 
flowrate were too high and resulted in sediment excavation; and (2) the systems were 
unable to pump a slurry which contained AC at meaningful percentages.  Airless paint 
sprayers were found to be an effective means for delivering the PAC slurry because of 
their relatively low pressure ranges and pump designed to handle relatively high solid 
content liquids.   A Graco Tradeworks 170 electric paint sprayer with a 466-W piston 
pump was modified to effectively deliver the PAC slurry.  The sprayer has a maximum 
operating pressure of 3.0 x 103 psi and a maximum flowrate of 1.2 lpm. Modifications 
included an electric footswitch to control injection pressure, an extended stainless steel 
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waterjet lance, a pressure meter mounted on the lance, and paint sprayer nozzles modified 
to serve as waterjet nozzles.  
2.2 Amendments and surrogate sediment 
 The experimental remedial amendment used in this research project is WPH® 
powdered AC distributed by Calgon Carbon Corporation.  The amendment is a 
reagglomerated coal-based virgin activated carbon typically used for potable water and 
wastewater treatment.  The PAC is relatively fine because a 325-mesh (0.044 mm) sieve 
only retains 10% of the passing material.  Research performed by both Sun and Ghosh 
(2007) and Cho et al. (2009) found that reducing AC-particle size proved to be effective 
at reducing contaminant biouptake, so the small grain size of the PAC is appropriate for 
remediation purposes.  Various weight percentages of PAC and tap water solutions were 
evaluated to indentify which solution would consistently flow through the waterjet 
system, and the highest usable PAC slurry concentration was 15% by dry weight.  
Slurries with greater PAC percentages were too heavy to be handled by the waterjet 
pump and/or resulted in clogging of the waterjet nozzle.  Slurries with lesser PAC 
percentages were not used to reduce the potential for contaminant mitigation through 
dilution.   
A surrogate sediment was used in experiments designed to characterize the 
distribution of PAC at depth.  Kaolinite clay was chosen as the surrogate because it has a 
uniform white color which provides good visual contrast with the black AC, and the 
cohesive nature of the clay is consistent with cohesive sediments that are expected to be 
encountered in the field.  Dry kaolinite weighing 22.9 kilograms was hydrated to a 
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uniform mixture with standard tap water in a rotary concrete mixer. The moisture content 
of this mixture was measured at 81% using a modified version of ASTM D2216 (ASTM, 
2010) and the unit weight of this material was estimated as 14.4 kN/m3.  The sediment’s 
resistance to shear was measured using a mini shear vane (Seekonk Model S0-48 and SL-
12) with a 5.1-cm-long by 2.5-cm-diameter four bladed torque head.  Measurements were 
taken at three different depth intervals and the surface material had the weakest resistance 
to shear with a torque reading of 2.1 N cm, the 15.2 cm deep measurement was 2.7 N cm, 
and the deepest torque measurement was taken at 30.5 cm and yielded a value of 3.5 N 
cm.   
A sandy-clay soil contaminated with PAHs from a former manufactured gas plant 
in central Illinois was used to characterize contaminant concentration reduction.  The 
moisture content of the soil was 23% and the unit weight of this material was 22.4 kN/m3 
which was heavier than the previously described surrogate.  The surface of the soil had 
the weakest resistance to shear with a torque reading of 17 N cm, the 15.2 cm 
measurement was 28 N cm, and the 30.5 cm measurement was 110 N cm.  These results 
show that the granular sediment had greater strength relative to the clay surrogate 
sediment at all measured depths.  It is likely that these differences are due to the mixture 
of granular and cohesive minerals in the sediment while the surrogate sediment was 
composed essentially of cohesive clay minerals.   
The present research focuses on characterizing the reduction in the bioavailability 
of contaminants found within sediment.  Actual contaminated sediment was not available 
to be tested for this research.  The fine grained soil used was altered to simulate a 
contaminated sediment found in field conditions.  The fraction of organic carbon found 
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within the soils matrix was not explored due to non-contaminated soils being unavailable 
to be used for comparative testing.   
2.3 Testing conditions 
 A two-step process was used to characterize the distribution of PAC at depth in 
the surrogate sediment.  The purpose of the first step was to indentify an approximate 
range of waterjet injection times, pressures, and nozzle diameters that would be used in 
the second step.  Clear polyvinyl chloride (PVC) tubes 5.1 cm in diameter and 91.4 cm in 
length were filled with the surrogate sediment.  The tubes were mounted vertically and 
single AC injections were made at various pressures, durations, and nozzle diameters.  
The injections were made adjacent to the side of the tube so that the depth of penetration 
could be estimated visually.  These initial characterizations were considered to be 
approximations because of the potential interference between the side of the tube and the 
penetrating waterjet.  The second step involved the use of 30.5 cm diameter tubes where 
the potential for interference from edge effects was less.  Each tube used measured 61 cm 
in vertical length and included a filter cloth, a 10-cm layer of aggregate, and a perforated 
base cap to permit draining and drying of the surrogate after each series of PAC 
injections.  The kaolinite was placed in the tube to a depth of 41 cm and allowed to settle 
for a duration of 16-20 hrs before each series of injections to promote the closing of void 
spaces in the mixture.  Short settling times were well documented to ensure that the 
soil/sediment upon each injection was consistent for each series of injections.  The 
surrogate sediment was covered with 5.1 cm of standing water to create a representative 
inundated environment prior to each series of waterjet injections. 
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 Injections were made possible on a rectangular grid pattern using a two-piece 
acrylic XY grid table as shown in Fig. 1.  The 61 x 61-cm top piece consisted of a grid 
pattern with 9 holes in the X direction and 6 holes in the Y direction that were spaced 2.5 
cm apart.  The bottom piece was mounted horizontally to the top of the tube and included 
four stationary pins.  The waterjet lance was fixed perpendicular to the top plate using 
mounting collars and the horizontal position of the waterjet relative to the surface of the 
sediment could be changed by aligning different sets of top plate holes with the fixed 
bottom plate pins. This permitted a regular series of injections with a minimum spacing 
between injections of 2.5 cm.  The mounting collars also kept the waterjet nozzle at a 
fixed height of 1.3 cm above the top of the surrogate sediment. 
 The injected sediments were dried using electro osmosis after each series of 
injections.  Four 1.9-cm diameter copper pipes 107 cm long  were placed around the 
inside perimeter of the PVC tube and connected to an alternating current variable voltage 
supply which provided a constant current of 90 A.  The injected sediment was dried for a 
minimum of 44 hours until the contents became semi-solid and could be extruded from 
the PVC columns.   
2.4 Carbon concentration quantification 
Cross sections of 3.8-cm increments were sliced horizontally from the surrogate 
sediment after it had been extruded from the PVC tubes.  A 20.3 x 12.7-cm cardboard 
stencil was used to delineate the injection area on each slice, and the material within that 
area was sampled and homogenized with a stand mixer.  A 110-g sample of the 
homogenized mixture was placed in a soil moisture dish to be dried in an oven at 110 °C 
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for at least 12 hours.   A FieldSpec Pro® model spectroradiometer from Analytical 
Spectral Devices, Inc. was used to quantify the carbon by measuring light reflectance 
versus wavelength measured for each dried sample.  Identification standards consisting of 
0%, 1%, 3%, 5%, 7%, 9%, 11%, 13%, 15%, 25%, and 35% dry weight carbon combined 
with dry kaolinite were mixed and dried in the lab, and the spectroradiomater was used to 
create standard curves from those samples.  The concentrations of samples from the 
injected columns were identified through visual comparison to standard curves as shown 
on Fig 2.  Readings falling between standard curves were linearly interpolated.   
2.5 Analysis of the PAH-contaminated sediment 
The quantification of the bioavailable portion of PAHs was studied by Jonker et 
al. (2007) using different analytical methods.  The use of solid-phase microextraction 
(SPME) fibers was of one of the methods he studied, and the SPME fiber-predicted 
bioaccumulation results were typically within a factor of 10 of the measured 
bioaccumulation in earthworms.  Based on these results, SPME fiber analyses were used 
to evaluate the effectiveness of waterjet-delivered PAC in reducing the bioavailability in 
the pore water of contaminated soils.  
Two series of injections were repeated using bulk soil samples from a former 
manufactured gas plant which contained elevated levels of PAHs.  The contaminated soil 
was loaded into the 30.5-cm-diameter tubes used for the surrogate soil testing described 
above, and two sets of experiments were performed.  Each set of experiments included a 
control column and one or more amended columns.  The concentrations of PAHs in the 
pore water of each column was quantified using polydimethylsiloxane (PDMS) coated 
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SPME fibers from Polymicro Technologies.  The fibers are constructed with a 30-µm 
PDMS coating on a 1.0-mm fused silica core.  SPME fiber holders were fabricated from 
0.76-cm-diameter thick-walled stainless steel tubing and cut to 40.6 cm lengths.  The 
SPME fiber holders were perforated on four sides with 0.094-cm diameter holes spaced 
1.09 cm apart.  The perforations permitted pore water from the soil column to come in 
contact with the SPME fibers while reducing the potential for direct contact between the 
fiber and the soil.  The fibers were held in the center of the holders using Teflon 
centralizers, and three fiber holders were inserted vertically in each soil column after 
completion of the injection series. 
The SPME fibers were left in place for seven days to equilibrate in both the 
control columns and the columns injected with PAC.  The fiber holders were then 
removed from the columns, the SPME fibers were removed from the holders, and the 
fibers were broken into 2.0-cm sections.  The samples were placed into 1-ml shell vials 
filled with 0.5 ml of acetonitrile (ACN).  The samples were then evaluated using a 
Waters high-pressure liquid chromatograph (HPLC) that included a Supelco LC-PAH 
column coupled with fluorescence detection.  The method used for PAH identification is 
a modified version of Method 8310 (EPA, 1986) by using SPME fibers analysis for 
detection. Peak areas are converted to PAH concentrations using calibration curves that 
were created using varying concentrations of a standard obtained from Sigma-Aldrich 
mixed with ACN. The ACN concentrations were converted to PAH concentrations in the 
PDMS coating by assuming the PDMS has extruded all of the available PAHs.  The pore 
water concentrations were calculated using a log PDMS to water partitioning coefficient 
33 
 
of 3.71 for phenanthrene calculated for the specific type of SMPE fiber used throughout 
this study. 
3 Results 
Several different combinations of pressure, injection duration, and nozzle 
diameter were evaluated during the initial phase of the characterization of PAC 
penetration in the surrogate sediment.  The visual observation of the penetration depth in 
the clear PVC tubes indicated that PAC injected through a nozzle of diameter of 0.058 
cm had the best potential to deliver carbon to a depth of 30 cm in the surrogate sediment.  
A standard paint sprayer nozzle was modified by grinding off the fan portion so the 
resulting cylindrical orifice provided a straight waterjet stream.  The pressure pump was 
operated so that each injection started with a 2.5-s burst of 2.5 x 103 psi at a flowrate of 
2.0 lpm followed by a longer-duration period of injection at a lower pressure.  The initial 
high pressure burst was an artifact of the pressure pump operation, but it was found to aid 
in the penetration of the waterjet stream in the surrogate. The pump maintained nozzle 
pressures ranging between 5.5 x 102 and 7 x 102 psi at a flowrate of 1.6 lpm after the 
initial burst.  Penetration depths of approximately 30 cm were achieved in the clear PVC 
tubes at this pressure combination for two different injection times –7.5 s (2.5-s high 
pressure plus 5-s lower pressure) and 9.5 s (2.5-s high pressure plus 7-s lower pressure). 
The second phase of testing started with the identification of the appropriate 
spacing between injections using the XY table.  Three preliminary injection series were 
performed using a spacing of 2.5 cm between injections, 5.1 cm, and 2.5 cm alternated 
with 5.1 cm, and the 2.5 cm spacing provided the best results.  The injections were 
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distributed in six rows of nine injections each (for a total of 54 injections) over a 20.3 x 
12.7-cm rectangular area centered on the larger PVC tubes. 
Three tubes were injected with a series of 7.5-s shots and three tubes were 
injected with a series of 9.5-s shots.  The durations of these injections had a significant 
impact on the distribution of PAC within each column as shown on Fig. 3.  The 7.5-s 
injections generated relatively distinct columns of PAC within the clay matrix of the 
surrogate sediment which resulted in a domino-like distribution pattern.  The series of 
longer injections resulted in more complete mixing of the PAC and the clay matrix over 
the rectangular target area.  This was a highly desirable feature to obtain because the 
more complete mixing of the PAC aids in a higher contact percentage between the PAC 
and contaminant which ultimately increases the reduction in the bioavailability of the 
contaminated sediment. 
 Figure 4 shows the results of the percentage of carbon measured in the surrogate 
sediment columns.  The series of 7.5-s injections produced a range of penetration depths 
from 0 to 26.7 cm, and the target concentration of 3% was reached at a maximum depth 
of 19.0 cm.  The highest concentrations of carbon were found at depths of 7.6 cm and 
shallower.  The 9.5-s injections had penetration depths up to 34.3 cm, and the target 
concentration of 3% was measured at a maximum depth of 30.5 cm.  The highest carbon 
concentrations were measured above 26.6 cm.  The results shown in Fig. 4 are consistent 
with the Fig. 3 carbon distribution patterns because the 9.5-s injections resulted in a more 
consistent distribution of carbon horizontally (see Fig. 3) and vertically (see Fig. 4).  The 
goal of delivering 3% carbon at 30 cm was achieved for one of the three 9.5-s series, but 
it was not achieved for any of the shorter-duration injection series.  The overall average 
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carbon concentration for all 7.5-s samples from 0 to 26.7 cm was 9.3% and the 9.5-s 
overall average for the same depth range was 14%.  However, the carbon concentrations 
measured for the 9.5-s series had a coefficient of variation (COV) of 0.14 which indicated 
that there was much less variability between the measured concentrations compared to 
the 7.5-s COV which was 0.49. 
 The same waterjet parameters were used to inject PAC in columns of 
contaminated soil.  One control column and one investigative column were used to 
evaluate reduction in bioavailability after a series of 7.5-s injections, and one control 
column and two investigative columns were used to characterize the effectiveness of 9.5-
s injections.  For each column, one SPME holder was placed in the center of the column, 
the second was placed 6.4 cm from the center between the first and second row of 
injections, and the last holder was placed 10.2 cm from the center which was outside the 
first row of injections.  The PAH phenanthrene was used to evaluate the effectiveness of 
the injections because the HPLC peaks were best-defined for this compound.  Fig. 5 
shows the results of both the 7.5-s injections and the 9.5-s injections.  The effective depth 
of PAC placement was greater than that observed during the surrogate sediment 
investigation, and SPME fiber samples were collected below 30 cm after the fibers from 
the first 9.5-s investigative column was analyzed.  All of the experiments produced 
concentration reductions over 90% in all of the samples.  The vertical average 
concentration reduction was greater than 98% for all of the locations except for the 
samples measured at 10.2 cm from the center of the first 9.5-s injection series where the 
average percent reduction was over 95%.  The vertical variability of carbon content was 
significantly less compared to the surrogate sediment results.  The COV calculated for 
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each vertical SPME fiber location was always less than 0.05.  These results support the 
concept that the heterogeneous nature of the contaminated soil promoted additional 
mixing and distribution of the PAC. The 10.2-cm results also indicate that remediation is 
potentially occurring outside the rectangular area.  The concentration reductions are 
greater than the 81% reported by Zimmermann (2004) for mechanically mixed PAC, and 
the larger reductions may be a result of greater carbon concentrations.  Carbon 
concentrations exceeding 3% in the contaminated soil columns would be consistent with 
the general results of the surrogate sediment experiments. 
4 Discussion and conclusions 
The use of waterjets to minimize the impact of contaminated sediments has been 
shown to be a viable alternative to mechanical mixing at the bench scale for in situ 
remedial action.  Specifically, this research has shown that discrete waterjet injections 
over a rectangular grid pattern can place PAC in a saturated sediment at prescribed 
concentrations and depths.  Experiments with a sediment surrogate showed that the 
degree of PAC mixing is a function of the time of each discrete injection.  If the injection 
time is too short, then discrete domino-like patterns of higher concentrations are observed 
at depth where longer injections resulted in more complete mixing of the soil matrix and 
the PAC.  Contaminated soil experiment results indicated that the heterogeneity of the 
soil and/or other factors improved the penetration and mixing of the waterjet-delivered 
PAC. The differences in PAC placement with different injection times characterized in 
the surrogate sediment were not observed in the contaminated soil experiments.  
However, the concentration of amended carbon significantly exceeded target 
concentrations at most depths in the surrogate sediment, and the pore water contaminant 
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concentration reduction data from the contaminated soil experiments supported the 
assumption that more carbon was being delivered than desired. The objective of our 
research was to inject the highest carbon concentration slurry to reduce the potential for 
contaminant attenuation through dilution.  Initially, the amount of carbon that was added 
to the remedial slurry to reach meaningful concentrations within the sediment through 
waterjet injection was unknown but through this research, it was proven that too high of a 
carbon concentration was obtained and a diluted slurry could technically be feasible to 
achieve the same meaningful results.  The surrogate sediment experiments showed that 
the longer injection times resulted in liquefaction of the sediment, and this implies that 
the delivered PAC concentration can be managed by modifying the carbon concentration 
in the slurry before it is injected in to the sediment.  
The goal of this work was to measure a dry weight concentration of 3% PAC in 
the discrete depth interval from 26.7 to 30.5 cm for comparison with the mechanical 
mixing results presented in the literature.  That goal was accomplished in one test: 
however, the average concentration of amended PAC in the entire 0 to 30.5-cm interval 
was approximately 5 times higher than the concentration measured in the bottom 3.8 cm.   
It is difficult to compare our results to field-scale mechanical mixing results presented in 
the literature because the literature results are based on a single sampling interval of 0 to 
30.5 cm.  The definition of the depth interval(s) used to calculate the target PAC 
concentration had significant implications in terms of the mass and corresponding 
concentration of the carbon amended in the sediment. 
The potential for the waterjet system to encounter logistical problems throughout 
field applications is highly possible. Fresh water will always be needed to ensure 
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unnecessary clogging within the internal orifices of the injection system. The lack of 
fresh water present to mix with the PAC could potentially cause problematic mechanical 
failures.  The development of a customizable flotation device will need to be achieved for 
the remediation of sediments in an inundated environment.  The additional storage of the 
PAC slurry will place added weight on the floatation device and cause valuable floor 
space to be sacrificed to accommodate a series of large holding tanks.  These drawbacks 
provide only minor disadvantages and can easily be overcome through innovative 
construction and design of a customizable floatation device. The use of off-the-shelf 
components with minor modifications was relatively successful for this bench-scale 
study.  Similar equipment with greater capacity is commercially available, and pilot-scale 
waterjet injection systems could be readily fabricated.  However, the empirical results 
presented in this paper suggest that pilot-scale applications should be preceded by site-
specific bench-scale treatability studies to characterize the impact of site soils on the 
penetration and dispersion of the waterjet. 
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The average carbon concentration 
over the rectangular area was 3.5% 
for this sample collected at 15.2 cm 
for a series of 7.5 s duration 
injections. 
The average carbon concentration 
over the rectangular area was 13% for 
this sample collected at 30.5 cm for a 
series of 9.5 s duration injections. 
 




























3.8-CM CLAY CROSS SECTION WITH SPECTRORADIOMETER READING 
 


































































Injection series II (7.5 second) – Slice 7 : 0.3 % 
 



















































































Injection series I (9.5 second) – Slice 9 [ 30.5 to 34.3 cm ] - 0.4 % 
 





Injection series II (9.5 second) – Slice 1 [ 0 to 1.5 cm ] - 14 % 
 







Injection series II (9.5 second) – Slice 2 [ 3.8 to 7.9 cm ] - 15 % 
 








































































































QUANTIFIED PAH CONCENTRATIONS IN CONTROL COLUMN-FIRST 




















 Napthalene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 1 C-0-1 11/3 11/6 7.691 1.24E+08 18.978 9919.572352 9.473118053 
3.02 1 C-0-4 11/3 11/6 7.701 9.41E+07 14.438 7546.267402 7.206629421 
1 C-0-7 11/3 11/6 7.705 7.48E+07 11.479 5999.987108 5.729943205 
1 C-0-10 11/3 11/6 7.704 3.73E+07 5.718 2988.816752 2.85429784 
1 C-0-13 11/3 11/6 7.705 2.14E+07 3.287 1718.133397 1.640804656 
1 C-0-16 11/3 11/6 7.73 1.47E+06 0.233 121.9552966 0.116466404 
1 C-4-1 11/3 11/6 7.725 1.49E+08 22.888 11963.00361 11.42457975 
1 C-4-4 11/3 11/6 7.71 1.14E+08 17.454 9122.969719 8.712368444 
1 C-4-7 11/3 11/6 7.713 4.98E+07 7.637 3991.774076 3.812114648 
1 C-4-10 11/3 11/6 7.73 2.35E+07 3.614 1888.92185 1.803906363 
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 Acenapthene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 3 C-0-1 11/3 11/6 11.762 9.58E+07 3.239006 1692.951646 0.396866603 
3.63 3 C-0-4 11/3 11/6 11.768 1.06E+08 3.577377 1869.810183 0.438326291 
3 C-0-7 11/3 11/6 11.774 1.10E+08 3.705572 1936.814573 0.454033653 
3 C-0-10 11/3 11/6 11.776 8.12E+07 2.744197 1434.326596 0.336238974 
3 C-0-13 11/3 11/6 11.782 6.50E+07 2.195683 1147.631453 0.269031072 
3 C-0-16 11/3 11/6 11.774 2.57E+07 0.863246 451.1982977 0.105771205 
3 C-4-1 11/3 11/6 11.778 1.21E+08 4.07709 2130.998294 0.499554761 
3 C-4-4 11/3 11/6 11.779 1.42E+08 4.816984 2517.723376 0.590211969 
3 C-4-7 11/3 11/6 11.781 8.86E+07 2.9948 1565.311093 0.366944737 
3 C-4-10 11/3 11/6 11.788 7.75E+07 2.619058 1368.919804 0.320906125 
3 C-4-13 11/3 11/6 11.787 6.70E+07 2.262765 1182.693827 0.277250495 







 Fluorene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 4 C-0-1 11/3 11/6 12.891 2.31E+08 50.79108 26547.29441 5.176309865 
3.71 4 C-0-4 11/3 11/6 12.896 2.65E+08 58.20126 30420.4227 5.931509693 
4 C-0-7 11/3 11/6 12.898 2.73E+08 59.99736 31359.20146 6.114556963 
4 C-0-10 11/3 11/6 12.898 2.13E+08 46.67839 24397.68834 4.757170086 
4 C-0-13 11/3 11/6 12.904 1.68E+08 36.89296 19283.07775 3.759900503 
4 C-0-16 11/3 11/6 12.916 7.54E+07 16.53047 8640.083123 1.684681942 
4 C-4-1 11/3 11/6 12.905 2.78E+08 60.91309 31837.8308 6.207882245 
4 C-4-4 11/3 11/6 12.900 3.45E+08 75.77058 39603.49133 7.722065371 
4 C-4-7 11/3 11/6 12.904 2.24E+08 49.24488 25739.13366 5.018731076 
4 C-4-10 11/3 11/6 12.910 2.10E+08 46.05858 24073.72812 4.694002878 
4 C-4-13 11/3 11/6 12.910 1.70E+08 37.31675 19504.58292 3.803090568 








 Phenanthrene Peak Sample Ret Time. Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 5 C-0-1 11/3 11/6 13.520 7.96E+08 7.180113 3752.875037 0.411494565 
3.96 5 C-0-4 11/3 11/6 13.525 8.67E+08 7.822148 4088.451403 0.448289782 
5 C-0-7 11/3 11/6 13.529 9.22E+08 8.317968 4347.604912 0.476705399 
5 C-0-10 11/3 11/6 13.528 7.46E+08 6.726194 3515.622598 0.385480352 
5 C-0-13 11/3 11/6 13.537 5.91E+08 5.331495 2786.64622 0.305549682 
5 C-0-16 11/3 11/6 13.540 1.32E+08 1.190992 622.5032271 0.068256122 
5 C-4-1 11/3 11/6 13.536 9.08E+08 8.189494 4280.454442 0.469342497 
5 C-4-4 11/3 11/6 13.531 1.14E+09 10.25908 5362.178224 0.587951151 
5 C-4-7 11/3 11/6 13.535 7.72E+08 6.963884 3639.857255 0.399102412 
5 C-4-10 11/3 11/6 13.541 7.09E+08 6.394929 3342.478033 0.366495428 
5 C-4-13 11/3 11/6 13.541 5.92E+08 5.34213 2792.204721 0.30615916 








 Benzo(a)Anthracene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 9 C-0-1 11/3 11/6 18.578 5.15E+08 0.279613 146.1470159 0.000803138 
5.26 9 C-0-4 11/3 11/6 18.589 5.84E+08 0.316831 165.5998267 0.000910039 
9 C-0-7 11/3 11/6 18.599 5.62E+08 0.305249 159.5466431 0.000876774 
9 C-0-10 11/3 11/6 18.594 4.92E+08 0.266925 139.5152082 0.000766693 
9 C-0-13 11/3 11/6 18.610 3.57E+08 0.193736 101.2611758 0.000556472 
9 C-0-16 11/3 11/6 18.612 2.42E+08 0.131161 68.55464384 0.000376736 
9 C-4-1 11/3 11/6 18.612 6.16E+08 0.334635 174.9056534 0.000961178 
9 C-4-4 11/3 11/6 18.601 6.71E+08 0.364115 190.3143927 0.001045855 
9 C-4-7 11/3 11/6 18.608 5.05E+08 0.274207 143.3216854 0.000787611 
9 C-4-10 11/3 11/6 18.623 4.39E+08 0.238252 124.5284516 0.000684335 
9 C-4-13 11/3 11/6 18.620 3.93E+08 0.213097 111.3807043 0.000612082 








 Chrysene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 10 C-0-1 11/3 11/6 19.159 9.20E+07 0.31888 166.6709499 0.000340298 
5.69 10 C-0-4 11/3 11/6 19.176 1.06E+08 0.369139 192.9401031 0.000393933 
10 C-0-7 11/3 11/6 19.185 9.93E+07 0.344226 179.9190337 0.000367348 
10 C-0-10 11/3 11/6 19.181 8.00E+07 0.277419 145.0004598 0.000296053 
10 C-0-13 11/3 11/6 19.204 5.85E+07 0.202617 105.9029052 0.000216226 
10 C-0-16 11/3 11/6 19.201 5.58E+07 0.193334 101.0512918 0.00020632 
10 C-4-1 11/3 11/6 19.214 9.17E+07 0.317877 166.1469385 0.000339229 
10 C-4-4 11/3 11/6 19.192 1.07E+08 0.370573 193.6896599 0.000395464 
10 C-4-7 11/3 11/6 19.205 8.14E+07 0.282322 147.5630039 0.000301285 
10 C-4-10 11/3 11/6 19.222 6.97E+07 0.241409 126.1789384 0.000257624 
10 C-4-13 11/3 11/6 19.212 2.07E+08 0.719665 376.1520426 0.000768004 








 Benzo(a)Pyrene Peak Sample Ret. Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 13 C-0-1 11/3 11/6 22.642 3.21E+07 0.211636 110.6172855 0.000450633 
5.39 13 C-0-4 11/3 11/6 22.663 4.88E+07 0.322448 168.5357533 0.000686581 
13 C-0-7 11/3 11/6 22.781 3.32E+07 0.218833 114.3788988 0.000465957 
13 C-0-10 11/3 11/6 22.676 2.76E+07 0.181776 95.00975806 0.000387051 
13 C-0-13 11/3 11/6 22.794 2.42E+07 0.159178 83.1986404 0.000338935 
13 C-0-16 11/3 11/6 22.702 9.30E+06 0.060394 31.56635616 0.000128595 
13 C-4-1 11/3 11/6 22.726 3.98E+07 0.262715 137.3150769 0.000559395 
13 C-4-4 11/3 11/6 22.690 3.45E+07 0.227768 119.0489979 0.000484982 
13 C-4-7 11/3 11/6 22.710 3.32E+07 0.219153 114.5460219 0.000466638 
13 C-4-10 11/3 11/6 22.719 2.57E+07 0.16909 88.3795492 0.000360041 
13 C-4-13 11/3 11/6 22.717 1.97E+07 0.129116 67.48589664 0.000274924 








 Pyrene Peak Sample Ret Time Area PPM PDMS Conc. (ppm) Water Conc. (ppm) 
logKpdms 8 C-0-1 11/3 11/6 16.09023 6.41E+08 2.960021 1547.133174 0.087001692 
4.25 8 C-0-4 11/3 11/6 16.10129 6.76E+08 3.1216 1631.586233 0.091750836 
8 C-0-7 11/3 11/6 16.1123 6.70E+08 3.096781 1618.61411 0.09102136 
8 C-0-10 11/3 11/6 16.10667 5.77E+08 2.666871 1393.910428 0.078385344 
8 C-0-13 11/3 11/6 16.11745 4.25E+08 1.964938 1027.026395 0.057753938 
8 C-0-16 11/3 11/6 16.11758 3.65E+08 1.683982 880.1774746 0.049496017 
8 C-4-1 11/3 11/6 16.11522 6.88E+08 3.176901 1660.490828 0.093376261 
8 C-4-4 11/3 11/6 16.10933 8.08E+08 3.734678 1952.027601 0.109770579 
8 C-4-7 11/3 11/6 16.11378 5.94E+08 2.744964 1434.7277 0.080680668 
8 C-4-10 11/3 11/6 16.12435 5.21E+08 2.408211 1258.714727 0.070782731 
8 C-4-13 11/3 11/6 16.12296 5.02E+08 2.317243 1211.167975 0.06810898 
8 C-4-16 11/3 11/6 16.12123 2.36E+08 1.090388 569.9198288 0.032048947 
 


















QUANTIFIED PAH CONCENTRATIONS IN AMENDED COLUMN-FIRST 









Sample ID Ret. Time 
Depth 
(cm) 
Area per 2 



















7-0-1 11/3 11/5 18.678 30 4.66E+06 0.002297106 0.0011 1.072 0.0002 0.21 0.83% 99.17% 
7-0-4 11/3 11/5 18.678 24 4.66E+06 0.002297106 0.0011 1.072 0.0002 0.21 0.74% 99.26% 
7-0-7 11/3 11/5 18.706 18 5.49E+06 0.002741567 0.0014 1.280 0.0002 0.25 0.91% 99.09% 
7-0-10 11/3 11/5 18.713 12 4.29E+06 0.002096629 0.0010 0.979 0.0002 0.19 0.80% 99.20% 
7-0-13 11/3 11/5 18.691 6 2.60E+06 0.001195958 0.0006 0.558 0.0001 0.11 0.63% 99.37% 
7-0-16 11/3 11/5 18.693 0 4.44E+06 0.002181379 0.0011 1.018 0.0002 0.20 1.69% 98.31% 
                      
7-2.5-1 11/5 11/3 18.709 30 1.13E+07 0.005874642 0.0029 2.743 0.0005 0.53 2.13% 97.87% 
7-2.5-4 11/3 11/5 18.715 24 7.35E+06 0.003738879 0.0019 1.746 0.0003 0.34 1.20% 98.80% 
7-2.5-7 11/3 11/5 18.703 18 6.60E+06 0.00333754 0.0017 1.558 0.0003 0.30 1.11% 98.89% 
7-2.5-10 11/3 11/5 18.695 12 6.43E+06 0.003244294 0.0016 1.515 0.0003 0.30 1.23% 98.77% 
7-2.5-13 11/3 11/5/10 18.713 6 4.44E+06 0.002177443 0.0011 1.017 0.0002 0.20 1.14% 98.86% 
7-2.5-16 11/3 11/5/10 18.730 0 4.09E+06 0.001989764 0.0010 0.929 0.0002 0.18 1.54% 98.46% 
                      
7-4-1 11/3  11/5 18.714 30 2.23E+07 0.011721693 0.0059 5.473 0.0011 1.07 3.55% 96.45% 
7-4-4 11/3 11/5 18.706 24 4.36E+07 0.023135829 0.0116 10.802 0.0021 2.11 6.44% 93.56% 
7-4-7 11/3 11/5 18.689 18 1.50E+07 0.007841437 0.0039 3.661 0.0007 0.71 2.90% 97.10% 
7-4-10 11/3 11/5 18.697 12 5.35E+06 0.002666719 0.0013 1.245 0.0002 0.24 1.14% 98.86% 
7-4-13 11/3 11/5 18.715 6 7.18E+06 0.003646693 0.0018 1.703 0.0003 0.33 1.74% 98.26% 







(cm) Peak 9 
Ret. 


















30 C-0-1 11/3 11/6 18.578 5.15E+08 0.275709728 0.1379 128.724 0.0251 25.10 
24 C-0-4 11/3 11/6 18.589 5.84E+08 0.31241721 0.1562 145.862 0.0284 28.44 Average 2.45E-01 
18 C-0-7 11/3 11/6 18.599 5.62E+08 0.300994844 0.1505 140.529 0.0274 27.40 Std Dev 0.071072621 
12 C-0-10 11/3 11/6 18.594 4.92E+08 0.263195497 0.1316 122.881 0.0240 23.96 Rel Std Dev 28.96% 
6 C-0-13 11/3 11/6 18.610 3.57E+08 0.191010082 0.0955 89.179 0.0174 17.39 
0 C-0-16 11/3 11/6 18.612 2.42E+08 0.129292809 0.0646 60.364 0.0118 11.77 
30 C-4-1 11/3 11/6 18.612 6.16E+08 0.329977318 0.1650 154.060 0.0300 30.04 
24 C-4-4 11/3 11/6 18.601 6.71E+08 0.359053632 0.1795 167.635 0.0327 32.69 Average 2.49E-01 
18 C-4-7 11/3 11/6 18.608 5.05E+08 0.270378325 0.1352 126.234 0.0246 24.61 Std Dev 0.095336031 
12 C-4-10 11/3 11/6 18.623 4.39E+08 0.234915465 0.1175 109.677 0.0214 21.39 Rel Std Dev 38.22% 
6 C-4-13 11/3 11/6 18.620 3.93E+08 0.210105647 0.1051 98.094 0.0191 19.13 
0 C-4-16 11/3 11/6 18.618 1.72E+08 0.092128778 0.0461 43.013 0.0084 8.39 
Ret Avg 18.605 
stdev 0.013 
 
1000X Dil 11/6 
11/21 18.567 5.68E+07 0.030197832 0.0151 14.099 0.0027 2.75 Avg 5.58E+07 
1000X dil 11/6 2 18.618 5.49E+07 0.029204591 0.0146 13.635 0.0027 2.66 Std Dev 1.31E+06 
100X Dil 11/6 18.562 5.58E+08 0.298513734 0.1493 139.370 0.0272 27.18 Avg 5.47E+08 
100X Dil 2 11/6 18.609 5.36E+08 0.286706651 0.1434 133.858 0.0261 26.10 Std Dev 1.56E+07 
0.0000 0.000 0.0000 0.00 
100X Dil 11/6 18.562 5.58E+08 0.298513734 0.1493 139.370 0.0272 27.18 Avg 5.47E+08 
100X Dil 2 11/6 18.609 5.36E+08 0.286706651 0.1434 133.858 0.0261 26.10 Std Dev 1.56E+07 103
 Phenanthrene 
















Conc. In Pore 
Water (ppb) % Left % Removed 
7-0-1 11/3 11/5 13.576 30 8.92E+06 0.08059 0.0403 37.626 0.0073 7.34 1.12% 98.88% 
7-01-4 11/3 11/5 13.576 24 8.92E+06 0.08059 0.0403 37.626 0.0073 7.34 1.03% 98.97% 
7-0-7 11/3 11/5 13.586 18 7.46E+06 0.06741 0.0337 31.474 0.0061 6.14 0.81% 99.19% 
7-0-10 11/3 11/5 13.595 12 6.18E+06 0.05591 0.028 26.101 0.0051 5.09 0.83% 99.17% 
7-0-13 11/3 11/5 13.585 6 1.13E+07 0.10181 0.0509 47.533 0.0093 9.27 1.91% 98.09% 
7-0-16 11/3 11/5 13.585 0 5.87E+06 0.05311 0.0266 24.797 0.0048 4.84 4.46% 95.54% 
7-2.5-1 11/5 11/3 13.592 30 5.98E+06 0.0541 0.027 25.258 0.0049 4.92 0.75% 99.25% 
7-2.5-4 11/3 11/5 13.599 24 4.08E+06 0.03692 0.0185 17.235 0.0034 3.36 0.47% 99.53% 
7-2.5-7 11/3 11/5 13.595 18 7.43E+06 0.06719 0.0336 31.371 0.0061 6.12 0.81% 99.19% 
7-2.5-10 11/3 11/5 13.585 12 1.23E+07 0.1108 0.0554 51.732 0.0101 10.09 1.65% 98.35% 
7-2.5-13 11/3 
11/5/10 13.596 6 7.22E+06 0.06525 0.0326 30.464 0.0059 5.94 1.22% 98.78% 
7-2.5-16 11/3 
11/5/10 13.602 0 3.98E+06 0.03609 0.018 16.849 0.0033 3.29 3.03% 96.97% 
7-4-1 11/3  11/5 13.598 30 9.90E+06 0.08947 0.0447 41.773 0.0081 8.15 1.09% 98.91% 
7-4-4 11/3 11/5 13.594 24 8.19E+07 0.73938 0.3697 345.201 0.0673 67.31 7.21% 92.79% 
7-4-7 11/3 11/5 13.579 18 6.12E+07 0.55264 0.2763 258.015 0.0503 50.31 7.94% 92.06% 
7-4-10 11/3 11/5 13.585 12 1.29E+07 0.11673 0.0584 54.497 0.0106 10.63 1.83% 98.17% 
7-4-13 11/3 11/5 13.596 6 4.76E+06 0.04311 0.0216 20.129 0.0039 3.92 0.81% 99.19% 
7-4-16 11/3 
11/5/10 13.591 0 5.63E+06 0.05093 0.0255 23.776 0.0046 4.64 6.11% 93.89% 
 104
 Phenanthrene 
Sample ID Ret. Time 
Depth 
(cm) 
















11/6 13.51958 30 7.96E+08 7.18011 3.5901 3352.256 0.6536 653.64 
C-0-4 11/3 
11/6 13.52531 24 8.67E+08 7.82215 3.9111 3652.009 0.7121 712.09 Average 6.09E+00 
C-0-7 11/3 
11/6 13.52904 18 9.22E+08 8.31797 4.159 3883.498 0.7572 757.22 Std Dev 2.6127662 
C-0-10 11/3 




11/6 13.53718 6 5.91E+08 5.33149 2.6657 2489.172 0.4853 485.35 
C-0-16 11/3 
11/6 13.54007 0 1.32E+08 1.19099 0.5955 556.051 0.1084 108.42 
C-4-1 11/3 
11/6 13.53585 30 9.08E+08 8.18949 4.0947 3823.516 0.7455 745.53 
C-4-4 11/3 
11/6 13.53131 24 1.14E+09 10.25908 5.1295 4789.766 0.9339 933.93 Average 6.33E+00 
C-4-7 11/3 
11/6 13.53473 18 7.72E+08 6.96388 3.4819 3251.303 0.634 633.95 Std Dev 3.1775742 
C-4-10 11/3 




11/6 13.54091 6 5.92E+08 5.34213 2.6711 2494.137 0.4863 486.32 
C-4-16 11/3 
11/6 13.54062 0 9.24E+07 0.83386 0.4169 389.311 0.0759 75.91 











QUANTIFIED PAH CONCENTRATIONS IN CONTROL COLUMN-SECOND 









 Napthalene Peak Name Ret. Time Area PPM PDMS Conc. (ppm) 
Water 
Conc. 
(ppm)   
logKpdms 1 Vial 30 2-C-0-13 7.750 371340.9 0.064 33.69746 0.032181 
3.02 1 Vial 34  2-C-2-4 7.812 28826951 4.426 2313.452 2.20933 
1 Vial 33 2-C-2-1 7.812 73447951 11.266 5888.317 5.623299 Avg 2.338157 
1 2-C-0-1 7.847 63134672 9.685 5062.056 4.834226 Stdev 2.195791 
 1 2-C-0-4 7.857 48145035 7.387 3861.144 3.687363 
Rel 
Dev 0.939112 
1 Vial 28 2-C-0-7 7.872 25967515 3.988 2084.365 1.990553 
 1 
Vial 29 2-C-0-10 
Attempt 1 7.879 2016161 0.317 165.4742 0.158027   














(ppm)   
logKpdms 3 2-C-0-1 11.469 1.37E+08 4.649187 2430.02 0.569652 
3 2-C-0-4 11.472 1.47E+08 4.973162 2599.354 0.609348 
3.63 3 Vial 28 2-C-0-7 11.477 1.2E+08 4.070987 2127.808 0.498807 Avg 0.398187 
3 Vial 30 2-C-0-13 11.847 8526848 0.281113 146.9311 0.034444 Stdev 0.231103 
3 Vial 33 2-C-2-1 11.862 1.65E+08 5.573915 2913.353 0.682957 Rel Dev 0.580388 
3 Vial 34  2-C-2-4 11.875 92737448 3.134709 1638.438 0.384087 
3 Vial 29 2-C-0-10 Attempt 1 11.898 48218275 1.626113 849.9309 0.199243 














(ppm)     
logKpdms 4 Vial 33 2-C-2-1 12.945 4.08E+08 89.61503 46839.66 9.133005     
  4 Vial 34  2-C-2-4 12.958 2.63E+08 57.62205 30117.68 5.87248     
3.71 4 Vial 30 2-C-0-13 12.984 24932055 5.46202 2854.869 0.556655 Avg 6.338968 
  4 2-C-0-1 13.018 3.11E+08 68.33432 35716.73 6.964207 Stdev 2.836015 
  4 Vial 29 2-C-0-10 Attempt 1 13.023 2.38E+08 52.24562 27307.55 5.324547 Rel Dev 0.447394 
  4 2-C-0-4 13.023 4.12E+08 90.44401 47272.94 9.217489     
  4 Vial 28 2-C-0-7 13.028 3.73E+08 81.92895 42822.32 8.349688     
















    
logKpdms 5 Vial 30 2-C-0-13 13.593 33850947 0.305538 159.6977 0.017511     
  5 Vial 33 2-C-2-1 13.628 4.49E+08 4.0494 2116.526 0.232072     
3.96 5 Vial 34  2-C-2-4 13.637 3.14E+08 2.834494 1481.523 0.162446 Avg 0.227196 
  5 2-C-0-1 13.643 5.89E+08 5.310826 2775.843 0.304365 Stdev 0.113222 
  5 2-C-0-4 13.651 7.02E+08 6.332429 3309.811 0.362914 Rel Dev 0.498345 
  5 Vial 29 2-C-0-10 Attempt 1 13.657 4.56E+08 4.113284 2149.916 0.235734     
  5 Vial 29 2-C-0-10 13.657 3.13E+08 2.826312 1477.247 0.161977     
  5 Vial 28 2-C-0-7 13.659 6.59E+08 5.942227 3105.861 0.340551     
                    















    
logKpdms 8 Vial 30 2-C-0-13 16.185 1.35E+08 0.624902 326.6215 0.018367     
  8 Vial 33 2-C-2-1 16.217 5.64E+08 2.603528 1360.803 0.076524 Avg 0.057149 
4.25 8 Vial 34  2-C-2-4 16.226 4.15E+08 1.916602 1001.762 0.056333 Stdev 0.0187 
  8 Vial 29 2-C-0-10 16.234 3.76E+08 1.737159 907.9721 0.051059 Rel Dev 0.327223 
  8 2-C-0-1 16.265 4.55E+08 2.103942 1099.681 0.06184     
  8 2-C-0-4 16.278 5.46E+08 2.523792 1319.126 0.07418     
  8 Vial 29 2-C-0-10 Attempt 1 16.280 3.63E+08 1.675325 875.6529 0.049242     










Anthracene Peak Name 
Ret. 





(ppm)     
logKpdms 9 Vial 30 2-C-0-13 18.705 1.14E+08 0.061696 32.24689 0.000177     
  9 Vial 33 2-C-2-1 18.722 4.52E+08 0.24518 128.1496 0.000704     
5.26 9 Vial 34  2-C-2-4 18.731 3.4E+08 0.18428 96.31882 0.000529 Avg 0.00056 
  9 Vial 29 2-C-0-10 18.741 3.39E+08 0.183728 96.03023 0.000528 Stdev 0.000183 
  9 2-C-0-1 18.839 3.69E+08 0.200313 104.699 0.000575 Rel Dev 0.326482 
  9 Vial 29 2-C-0-10 Attempt 1 18.852 3.21E+08 0.173952 90.92061 0.0005     
  9 2-C-0-4 18.859 4.82E+08 0.261649 136.7578 0.000752     
















    
Chrysene 10 Vial 33 2-C-2-1 19.127 4.33E+08 1.502546 785.3453 0.001603     
logKpdms 10 Vial 34  2-C-2-4 19.141 3.12E+08 1.082073 565.5738 0.001155 Avg 0.000945 
5.69 10 Vial 30 2-C-0-13 19.282 61770518 0.214027 111.8667 0.000228 Stdev 0.000404 
  10 Vial 29 2-C-0-10 19.318 1.94E+08 0.672013 351.2451 0.000717 Rel Dev 0.427604 
  10 2-C-0-1 19.382 2.41E+08 0.835898 436.9044 0.000892     
  10 2-C-0-4 19.409 3E+08 1.040086 543.6283 0.00111     
  10 Vial 29 2-C-0-10 Attempt 1 19.413 2E+08 0.694281 362.884 0.000741     
10 Vial 28 2-C-0-7 19.421 3.01E+08 1.043111 545.2094 0.001113 
 



















QUANTIFIED PAH CONCENTRATIONS IN AMENDED COLUMN-SECOND 

















Depth SMPL ID Conc. In Pore Water (ppb) Depth 
2-C-0-1 483.468 36 2-7-0-1 0.348958 36 2-5-0-1 4.167479 36 
2-C-0-4 576.469 30 2-7-0-4 0.078582 30 2-5-0-4 2.686273 30 
2-C-0-7 540.947 24 2-7-0-4 0.169421 30 2-5-0-7 4.412726 24 
2-C-0-10 257.292 18 2-7-0-7 0.599461 24 2-5-0-13 5.301941 12 
2-C-0-10 Attempt 1 374.451 18 2-7-0-10 0.36968 18 2-5-0-13 8.945715 12 
2-C-0-13 27.815 12 2-7-0-13 0.383161 12 2-5-0-16 1.967311 6 
2-7-0-16 0.73181 6 2-5-0-19 1.015238 0 
2-C-2-1 719.259 2-7-0-19 0.358248 0 
2-C-2-4 Attempt 1 518.503 2-5-2-1 4.396917 36 
2-7-2-1 1.338684 36 2-5-2-4 #1 4.899121 30 
2-7-2-4 1.579675 30 2-5-2-4#2 1.530073 30 
Avg (1-10) 446.526 2-7-2-7 1.630067 24 2-5-2-7 2.864636 24 
2-7-2-10 2.933762 18 2-5-2-10 6.269473 18 
2-7-2-16 1.642404 6 2-5-2-13 3.355512 12 
2-7-2-19 7.013697 0 2-5-2-16 4.089217 6 
2-7-4-1 8.129824 36 2-5-4-1 1.652158 36 
2-7-4-1 19.69487 36 2-5-4-7 24 
2-7-4-4 2.527141 30 2-5-4-10 4.187047 18 
2-7-4-7 2.896031 24 2-5-4-13 2.983839 12 
2-7-4-10 0.096968 18 2-5-4-16 1.297041 6 
2-7-4-13 1.071915 12 2-5-4-19 0.596601 0 
2-7-4-16 0.754119 6 









SPME ID 7 s Pulse % Removal Depth  
SMPL 
ID 
5 s Pulse % 
Removal Depth 
2-7-0-1 99.9% 36 2-5-0-1 99.1% 36 
2-7-0-4 100.0% 30 2-5-0-4 99.5% 30 
2-7-0-4 100.0% 30 2-5-0-7 99.2% 24 
2-7-0-7 99.9% 24  
2-5-0-
13 98.8% 12 
2-7-0-10 99.9% 18  
2-5-0-
13 98.0% 12 
2-7-0-13 98.6% 12  
2-5-0-
16 99.6% 6 
2-7-0-16 99.8% 6  
2-5-0-
19 99.8% 0 
2-7-0-19 99.9% 0 
2-5-2-1 99.1% 36 
2-7-2-1 99.7% 36  
2-5-2-4 
#1 99.2% 30 
2-7-2-4 99.7% 30  
2-5-2-
4#2 99.7% 30 
2-7-2-7 99.7% 24 2-5-2-7 99.5% 24 
2-7-2-10 98.9% 18  
2-5-2-
10 97.6% 18 
2-7-2-16 99.6% 6  
2-5-2-
13 99.2% 12 
2-7-2-19 98.4% 0  
2-5-2-
16 99.1% 6 
2-7-4-1 98.3% 36 2-5-4-1 99.7% 36 
2-7-4-1 96.6% 36 2-5-4-7 24 
2-7-4-4 99.6% 30  
2-5-4-
10 98.4% 18 
2-7-4-7 99.5% 24  
2-5-4-
13 99.3% 12 
2-7-4-10 100.0% 18  
2-5-4-
16 99.7% 6 
2-7-4-13 99.8% 12  
2-5-4-
19 99.9% 0 
2-7-4-16 99.8% 6 





















2-C-0-1 55.238 36 2-7-0-1 0.22 36 2-5-0-1 1.210472 36 
2-C-0-4 66.261 30 2-7-0-4 0.12 30 2-5-0-4 0.741689 31 
2-C-0-7 62.213 24 2-7-0-7 0.50 24 2-5-0-7 0.924196 24 
2-C-0-10 45.608 18 2-7-0-10 0.38 18 2-5-0-13 0.810595 12 
2-C-0-
10*1 43.985 18 2-7-0-13 0.13 12 2-5-0-13 1.192132 12 
2-C-0-13 16.407 12 2-7-0-16 0.15 6 2-5-0-16 0.299965 6 
2-7-0-19 0.06 0 2-5-0-19 0.154149 0 
2-C-2-1 77.194 
2-C-2-
4*1 59.191  2-7-2-1 0.20 36 2-5-2-1 1.069733 36 
2-7-2-1 0.37 36 2-5-2-4 #1 0.844683 30 
2-7-2-4 0.29 30 2-5-2-4#2 0.917809 30 
Avg (1-
10) 54.661  2-7-2-4 0.49 30 2-5-2-7 0.724534 24 
2-7-2-7 0.31 24 2-5-2-10 0.895357 18 
2-7-2-7 0.54 24 2-5-2-13 0.677835 12 
2-7-2-10 0.42 18 2-5-2-16 0.223275 6 
2-7-2-10 0.77 18 
2-7-2-17 0.39 4 2-5-4-1 0.583541 36 
2-7-2-19 4.16 0 2-5-4-7 1.371094 24 
2-5-4-10 0.811228 28 
2-7-4-1 3.32 36 2-5-4-13 0.51974 12 
2-7-4-4 0.26 30 2-5-4-16 0.205328 6 
2-7-4-4 0.07 30 2-5-4-19 0.093996 0 
2-7-4-7 0.70 24 
2-7-4-7 0.29 24 
2-7-4-10 0.40 18 
2-7-4-10 0.32 18 
2-7-4-13 0.40 12 
2-7-4-16 0.22 6 









Sample ID 7 s Pulse % Removal Depth  SMPL ID 
5 s Pulse % 
Removal Depth 
2-7-0-1 99.6% 36 2-5-0-1 97.8% 36 
2-7-0-4 99.8% 30 2-5-0-4 98.9% 31 
2-7-0-7 99.2% 24 2-5-0-7 96.1% 24 
2-7-0-10 99.2% 18 2-5-0-13 98.5% 12 
2-7-0-13 99.8% 12 2-5-0-13 97.8% 12 
2-7-0-16 99.7% 6 2-5-0-16 99.5% 6 
2-7-0-19 99.9% 0 2-5-0-19 99.7% 0 
2-7-2-1 99.6% 36 2-5-2-1 98.1% 36 
2-7-2-1 99.3% 36 2-5-2-4 #1 98.7% 30 
2-7-2-4 99.6% 30 2-5-2-4#2 98.6% 30 
2-7-2-4 99.3% 30 2-5-2-7 98.8% 24 
2-7-2-7 99.5% 24 2-5-2-10 98.0% 18 
2-7-2-7 99.1% 24 2-5-2-13 98.8% 12 
2-7-2-10 99.1% 18 2-5-2-16 99.6% 6 
2-7-2-10 98.3% 18 
2-7-2-17 99.3% 4 2-5-4-1 98.9% 36 
2-7-2-19 92.4% 0 2-5-4-7 97.9% 24 
2-5-4-10 98.2% 28 
2-7-4-1 94.0% 36 2-5-4-13 99.0% 12 
2-7-4-4 99.6% 30 2-5-4-16 99.6% 6 
2-7-4-4 99.9% 30 2-5-4-19 99.8% 0 
2-7-4-7 98.9% 24 
2-7-4-7 99.5% 24 
2-7-4-10 99.1% 18 
2-7-4-10 99.3% 18 
2-7-4-13 99.3% 12 
2-7-4-16 99.6% 6 
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